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Abstract: Estimation of the variables in the centre of mass frame is challenging at LHC
as partonic processes are boosted ones. In this article we show how reconstruction of centre
of mass frame is possible by evaluating the boost from the finalstate observable. This
will enable us to calculate the different angular distributions in the centre of mass frame
that can distinguish spins of different beyond Standard Model particles. Here, we mainly
focus beyond Standard Model scenarios of scalar leptoquark and Type-III fermions, and
determine their spins. We first extract the signal from the SM backgrounds by simulating
both in PYTHIA and the momenta of the new heavy particles are reconstructed in the
centre of mass frame. Equipped with that we then successfully generated the desired angular
distributions of the centre of mass frame. Signal significance of the respective finalstates at
the LHC with centre of mass energies of 14 TeV and 100 TeV are also calculated.
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1 Introduction
The CMS [1] and ATLAS [2] collaborations announced the discovery of new resonance
supposedly the Standard Model (SM) Higgs boson in the di-photon mode first and later in
the other modes as well. This Higgs boson was the missing piece of the SM. The combined
analysis in the ATLAS and CMS collaborations found a 125 GeV mass resonance with the
properties that resemble mostly the SM Higgs boson [3]. The spin and parity measurements
was possible by the exploration of the angular correlations in the ZZ∗ and WW ∗ decay
modes with leptonic finalstate [4] which is also the motivates our analysis in probing the
spins of other beyond Standard Model (BSM) particles.
Despite SM has a tremendous success along with the discovery of the Higgs boson
it fails to answer many questions viz., Higgs mass hierarchy, dark matter, fermion mass
hierarchy, leptogenesis and baryogenesis. A plethora of BSM models are constructed in ex-
plaining one or more issues of SM. However, different extensions of SM predict new particles
of different natures; spin and other quantum numbers as the next possible resonances. De-
termining such parameters are very challenging at the Large Hadron Collider (LHC), given
the tumultuous QCD environment. Apart from QCD, LHC has its inherent challenges in
reconstructing the centre of mass (CM) frame variables, like angular correlations in the CM
frame of interaction, principally due to boost of the interacting partons. Determination
of spin via angular correlation thus is only suitable for leptonic collider like LEP and ILC
as the rest frame (CM frame) of interactions coincides with the frame of our observations.
LEP being already closed down and ILC is still far from taking its first data, we have to
rely on the LHC.
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The exploration of LHC in reconstructing the CM variables are however not new. In [5]
the authors have explored the resonances of spin-zero, -one and -two particles decaying to
SM matter and gauge fields via their angular correlations in order to determine their spin
and parity. Angular correlations in Higgs boson decays to di-photon and WW ∗ can also be
instrumental in distinguishing it from a spin-two graviton for the similar masses [6, 7].
Reconstruction of CM frame at the LHC via the correlations of θ13 with polar angle θz3
was studied to segregate the BSM scenarios of supersymmetry and Universal Extra Dimen-
sion(UED) in [8], where θ13 in the angle made by one of the incoming particle labelled 1 and
one of the outgoing particle labelled 3 in a two to two scattering. In these cases the charge
asymmetry in lepton-jet invariant mass distributions can also be instrumental in determin-
ing the spins of the supersymmetric and UED particles [9, 10]. Though such discriminator
fails distinguish supersymmetry and Universal Extra dimension (UED) at the LHC [11]
with nearly degenerate mass spectrum. Nevertheless it has been shown that in fermionic
collider where the CM frame is known the angular distributions of the final state muons,
the energy spectrum of the radiative return photon and the total cross-section measure-
ment can be used as powerful discriminators for supersymmetry and UED resonances [12].
The photon-electron collider can probe some of the Leptoquarks or other fractional charged
particle via the minima of their angular distributions where the production cross-section
vanish[13]. Spin 3/2 excitation can also be explored via their of angular distributions in
the CM frame[14].
In this article we explore the challenging task of revealing the spin of the BSM particles
at the LHC. At the LHC, we lose the information of the momenta of the colliding quarks
and gluons in the initial states and hence the information about CM frame is lost. The
differential angular distributions thus cannot be measured with respect to the initial quarks
and gluon, but can only be measured with respect to the lab frame which is boost dependent.
In order to distinguish the BMS models we need those angular distributions in CM frame
only. We show how from the finalstate particle decay products we can estimate the boost
of the interaction by which eventually we reconstruct the CM frame. This would enable
us to measure the finalstate angular distribution with the z axis in CM frame at the LHC,
which can be instrumental in revealing the spin of the finalstate particles.
We establish such facts for existing Drell-Yan processes in SM considering all the back-
grounds. Next we consider heavy SM like lepton pair production and two popular BSM
scenarios: scalar leptoquark with hypercharge −1/3[15]-[23] and Type-III seesaw [24]-[33]
extensions of SM. A PYTHIA8 [34] based simulation is carried out for the signal and SM
backgrounds before we restore the angular distribution in CM frame at the LHC with centre
of mass energy of 14 TeV and 100 TeV respectively.
We organize the paper as follows. In section 2 we discuss the spin correlation with
angular distribution of Drell-Yan processes in leptonic collider. The challenges at the LHC
and estimation of boost has been discussed in section 3. The CM frame angle and polar
angle relation is explained in section 4. The collider simulations for leptoquark and Type-III
seesaw along with their angular correlations are detailed in section 5. Finally we conclude
in section 6.
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Figure 1. Feynman diagrams for Drell-Yan process at ILC or LEP and LHC.
2 Angular distributions in Drell-Yan process at Leptonic colliders
If we consider a normal Drell-Yan process of two fermion goes to two fermion via a photon
mediation we get the differential cross-section as (1 + cos2 θ), where θ is the angle between
the one of incoming fermion with one of the emitting fermion in the center of mass frame.
To be precise for the interaction, e+e− → l+l−, as can be seen in Figure 1(a) the
differential production cross-section at CM frame reads, in the limit where, ml, me ≈ 0
compared to the energy of collision, and for the photon mediation,
dσ
d cos θ
∣∣∣∣
γ
=
piα2
2s
(1 + cos2 θ). (2.1)
It is interesting to note that International liner collider (ILC) and Large Electron
Positron Collider (LEP) are e+e− collider, hence their interactions we detect are always
the center of mass frame as can be seen in Figure 2(a). Here we consider a colliding
fermion-antifermion pair, which produces final state lepton-antilepton through s-channel.
We denote the angle, subtended by the outgoing lepton with the incoming fermion to be
θ13. In the mentioned mathematical expressions for the differential scattering cross-section,
θ13 has been renamed θ. The simple (1+cos2 θ) distribution for photon mediation however,
1
2
3
4
θ13
(a)
γ,Z mediating the int raction. With the mediation of spin0 Higgs, dσd cos θ ∼ constant. This
fact can be explained by the absence of γ-matrix in the fermion-antifermion-higgs vertex.
Similarly, with scalar pair as the final states, dσd cos θ ∼ (1− cos2 θ) in the massless limit.
1
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θ34
(a) Angle between the final dileptons
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θ13
(b) Angle between beamA and the lepton
Figure 4. θ34 & θ13
2.1 Fate at LHC
The results obtained in the hadronic collisions show deviations from the straight forward
theoretical predictions. The reasons are as follows:
• For a pair of colliding hadron beams, it is the partons which interact, carrying a
fraction of the 4-momentum of the colliding hadrons. That fraction being unknown,
so is the rest frame of the collision. Hence expressions of dσd cos θ evoked above, which
holds for the rest frame of interaction, changes. In general, every interaction has
different boost compared to the rest frame of collision.
• Despite the precise tuning of the motion of colliding hadron beams, as the interacting
partons may bear very small, yet non-zero value of 3-momentum, transeverse to the
beam-axis, the beam axis, in general, differs from the axis of the interacting partons,
making cos θ inaccessible.
• Considering the collision between two proton beams, any 1 of the 6 quark-antiquark
pairs may participate in the Drell-Yan process. They have varied range of masses. For
the case, when the mass of atleast 1 quark-antiquark pair is comparable to the energy
of the collision, the terms with mq affects the value of dσd cos θ , they differ with the
different quarks. Hence, dσd cos θ has different dependancies on cos θ following different
mqs.
2.2 Simulation at the LHC
The angle, θ is inaccessible in the colliders, due to initial and final state radiations. But
theoretically, for a 2 → 2 scattering, the differential cross-section, dΩd cos θ is determined in
terms of θ. The expression of dΩd cos θ , for a given inertial frame with known boost with respect
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(b)
Figure 2. θ34 in the angle between two final state leptons, which can be measured both leptonic as
well as hadronic colliders. θ13 can be measured in the center of mass frame in the leptonic collider,
which is also the angle between the beam axis and with one of the finalstate leptons.
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changes for the massive fermion finalstate. The differential distributions of production
cross-section for qq¯ → l+l− pair, as observed in the Centre of Mass (CM) of the interaction,
is given by, for pure photon mediation,
dσ
d cos θ
∣∣∣∣
γ
= F1
[
a3 cos
2 θ + a4(1− cos2 θ) + a5(1 + cos2 θ)
]
(2.2)
where, F1 = n2q 4piα
2
s3
√
s−4m2l√
s−4m2q
, a3 = 2m
2
qm
2
l , a4 =
s
2(m
2
q +m
2
l ) and a5 =
s2
8 .
This distortion depending on the mass of the finalstate lepton can be easily realised
from Figure 3. The plot shows the |M|2 distributions for the finalstate fermion mass
m2` = m
2
µ, s/8, and s/4 in red, blue and green respectively, where s = E2CM and ECM = 250
GeV. At leptonic colliders, when a lepton-antilepton pair collides with relatively high energy
and with equal and opposite 4-momenta, pure photon mediation provides such angular
correlation for production of final state lepton-antilepton pair, which can be measured
at LEAP or ILC. This angular correlation can be instrumented in distinguishing hidden
mediating particle as any deviation can a signature of presence of other mediator.
As followed from the Eq. (2.2), the angular correlation appears to dilute away as the
mass of the produced final state lepton-antilepton pair increase. At the limit the s-parameter
of the interaction approaches the 4 times mass square of the final state (anti-)lepton, the
production of the finalstate pair becomes isotropic as can be seen from Figure 3 (green
curve).
3 Challenges in Hadronic colliders
The results obtained in the hadronic collisions show deviations from the straight forward
theoretical predictions. The reasons are as follows:
• For a pair of colliding hadron beams, it is the partons which interact, carrying a
fraction of the 4-momentum of the colliding hadrons. That fraction being unknown,
0.5 1.0 1.5 2.0 2.5 3.0
θ
6×1020
7×1020
8×1020
9×1020
1×1021∣M∣2
Figure 3. The red, blue and green colours show that |M|2 for the finalstate fermion mass m2` =
m2µ, s/8, and s/4 respectively, where s = E2CM and ECM = 250 GeV.
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so is the rest frame of the collision. Hence expressions of dσd cos θ evoked above, which
holds for the rest frame of interaction, changes. In general, every interaction has
different boost compared to the rest frame of collision.
• Despite the precise tuning of the motion of colliding hadron beams, as the interacting
partons may bear very small, yet non-zero value of 3-momentum, transverse to the
beam-axis, the beam axis, in general, differs from the axis of the colliding hadrons,
making cos θ inaccessible.
• Most importantly, the longitudinal boost of the system can be very large altering the
CM frame drastically at the LHC as we will see in the following paragraph.
The challenge is to get back the center of mass frame, which require the system to be
boosted back. In the following subsection we would describe the procedure to get back in
the CM frame at the hadronic collider.
3.1 Boosting back to CM frame
At the LHC the partons (quakers and gluons) can have the non-zero transverse momenta
unlike in the case e+e− collider but it is still less compared to the longitudinal momenta of
the partons. Figure 4(a) shows the distribution of transverse momenta coming from initial
state quarks and gluons for pp → tt¯ for Ecm = 8 TeV produced by PYTHIA8 [34]. It can
be seen that the maximum initial transverse momenta, pT can be ∼ 8 GeV compared to
the longitudinal momenta, which is pz ∼ 4 TeV. On the other hand, the corresponding t, t¯
transverse pT s can go up to ∼ 500 GeV. We see clearly that the longitudinal boost is far
more than the transverse boost for the system, that means the system is either boosted in
+z direction or −z direction, where the transverse boost is negligible. This is instrumental
in constructing the differential distributions in CM frame at the LHC, which is otherwise
difficult. Observations of the finalstate momenta, specially z components of the momenta
will give rise to the estimate of the total longitudinal boost of the scattering process. The
differential distribution of the Drell-Yan processes at the centre of mass frame (Eq. (2.1))
shows that for the finalstate fermions mediated by a photon, it should be (1 + cos2 θ) up to
a factor. However, as the scatterings at the LHC are not in the CM frames, thus apparently
such distributions may be impossible to get. In a boosted back system we can reconstruct
the CM frame and are able to observe such distributions. The discussion below shows how
the z component of the boost, i.e. the longitudinal boost would enable us to reconstruct
the CM frame within some uncertainties.
Let us consider a 2 → 2 scattering as given in Figure 2(b) at the LHC. Here the
momentum four vectors measured in the lab frame are given by
p1x, p2x, p1y, p2y, p1z, p2z︸ ︷︷ ︸
Initial state
, p3x, p4x, p3y, p4y, p3z, p4z︸ ︷︷ ︸
Final state
, (3.1)
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(a) (b)
Figure 4. The transverse momenta distribution for initial state partons and finalstate top quarks
at the LHC with Ecm = 8 TeV.
are measured at the laboratory frame. The momentum conservation says that
p1x + p2x = p3x + p4x (3.2)
p1y + p2y = p3y + p4y
p1z + p2z = p3z + p4z.
The momentum conservation for ideal case (absence of any transverse momenta of inter-
acting partons) gives rise to
p1x + p2x = p3x + p4x = 0, (3.3)
p1y + p2y = p1y + p2y = 0.
In the real scattering, uncertainty principle results into some amount of transverse momenta
for the initial state partons, even though the system of protons only have longitudinal
momenta. The 4-momentum vector {E, px, py, pz}, for both the initial and finalstate will
be mostly boosted along the z (beam) axis. If we ignore the boosts along the transverse
direction compared to the longitudinal one, the we can assume the following relations
between lab frame and CM frame.
Laboratory↔ Rest Frame of Interaction :

p3x = pCM3x p4x = pCM4x
p3y = pCM3y p4y = pCM4y
pCM3z = −pCM4z
(3.4)
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p3z = γ(pCM3z − βECM3 ), p4z = γ(pCM4z − βECM4 ), (3.5)
E3 = γ(ECM3 − βpCM3z ), E4 = γ(ECM4 − βpCM4z ).
Therefore we have,
p3z − p4z
2γ
= pCM3z (3.6)
E3 + E4
2γ
= ECM3 ,
where
β =
E3 − E4
p3z − p4z
=
(E3)2 − (E4)2
(p4z − p3z)(E3 + E4)
= −p3z + p4z
E3 + E4
; |β| < 1, (3.7)
and γ = 1√
1−β2 . We can calculate the energy of the finalstate particles by
E3 =
(
(p3x)
2 + (p3y)
2 + (p3z)
2 + (M3)2
) 1
2 , (3.8)
E4 =
(
(p4x)
2 + (p4y)
2 + (p4z)
2 + (M4)2
) 1
2 .
We see from Eq. (3.7) that we need the information of the energy, i.e. the rest mass
information of the finalstate particles to determine the boost. With our focus on particle-
antiparticle pair production which are degenerate or nearly degenerate in mass, we can
assume ECM3 = ECM4 . Phenomenologically this implies that the the particle of which we
are trying to determine the spin, should be discovered before, at least the mass should be
known. Often such heavy particle masses are reconstructed from their decay products by
constructing the invariant mass distributions of the decay products.
4 Angular correlations: θ13 vs θz3
In the leptonic collider (LEP and ILC) the angle that is measured is θ13 which is always the
angle of the third particle with the z axis (Figure 2). In this case the observed scatterings
are always at CM frame. In the hadronic collider (LHC and FCC), we cannot have any
information of the initial state partons but we can measure the polar angle of finalstate
particles, i.e. the angle made with the (beam) z−axis: θz3. Given the fact that the
scattering is mostly driven by the longitudinal boost, differential distributions with respect
to θz3 should show similar correlations as θ13 which can only be calculated by tagging
interacting partons in the simulation. The scattering is mostly driven by the longitudinal
boost, so differential distributions against θz3 should show similar correlations as θ13 of
leptonic collider.
To verify our proposition, we plot the correlations of θ13 and θz3 in the lab frame and
CM for heavy fermion-pair finalstate, of mass 200GeV at the LHC. This heavy fermion
can be thought of forth generation lepton having only photon vertex. The production here
solely happening due to photon mediation. Figure 5(a) shows θ13 vs θz3 for pp → `+h `−h
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at ECM = 8 TeV in the lab frame. Figure 5(b) shows the same correlation in the CM
frame after longitudinal boost back. Clearly we can see that there is strong correlations
between θ13 and θz3 and we can measure the distribution in θz3 at the LHC instead of θ13.
Throughout the article we will henceforth use the terms cos θz3 and cos θz invariably.
(a) (b)
Figure 5. Correlation plots of z3 vs 13 in the (a) lab frame and (b) CM frame for heavy lepton
pair production with mass of 200 GeV at the LHC with ECM = 8 TeV.Change to Lab and CM
frame
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Figure 6. Angular distribution with cos z3 = cos z = cos  in (a) lab frame and (b) boosted
back CM frame for heavy lepton pair production with mass 200, 500 and 1000 GeV at the LHC
with ECM = 8 TeV. (Try to Change this plot with cos z3 )
Type-III seesaw. For the reconstructions of the leptoquark and right-handed neutrino we
mainly focus on their visible decay modes.
Before going to further analysis here we describe the set up of and work flow of the
collider simulation at the LHC. In general, we followed a sequence of stages from conceiving
the model to generating the events and analysing data. The gauge symmetry groups along
with gauge bosons, the paricle spectrum and the lagrangian of the model is written in
SARAH [35]. The SARAH file is then executed to generate CalcHEP model files [36]. Hard
scattering events are next generated by CalcHEP. The events thus obtained are mixed
with the decay branching fractions of the particles in the model written on a separate
decay file in SLHA format, by the event_mixer routine [36] and are written finally in LHE
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Type-III seesaw. For the reconstructi ns of the leptoquark and right-handed neutrino we
mainly focus on their visible deca modes.
Before going to further analysis here we describe the set up of and work flow of the
collider simulation at the LHC. In general, we followed a sequence of stages from conceiving
the model to generating the events and analysing data. The gauge symmetry groups along
with gauge bosons, the paricle spectrum and the lagrangian of the model is written in
SARAH [35]. The SARAH file is then executed to generate CalcHEP model files [36]. Hard
scattering events are next generated by CalcHEP. The events thus obtained are mixed
with the decay branching fractions of the particles in the model written on a separate
decay file in SLHA format, by the event_mixer routine [36] and are written finally in LHE
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CM FrameCM Frame
(b)
Figure 5. Correlation plots of θz3 vs θ13 in the ( ) l fr (b) C frame for heavy lepton
pair production with mass of 200 GeV at the LHC with ECM = 8 TeV.
Next we try to establish the differential distribution for such heavy lepton pair produc-
tion at the LHC with 8 TeV center of mass energy. Figure 6(a) shows the distributions in
the lab frame and it can be seen that most of the events are in the peaking at cos θ ' ±1
as the system is boosted in + or − Z axis, i.e. with highly longitudinal boosts in eith r
directions. This cannot be read as (1 + cos2 θz3) distribution. However, upon boost back
to the CM frame after using the transformations given in Eq. (3.4) and Eq. (3.5), we get
the expected differential distributions for heavy lepton Drell-Yan production as shown in
Figure 6(b). We repeat the same analysis for heavy lepton with mass of 500 GeV and 1 TeV
respectively and from Figure 6b, we can see that in boosted back frame we can reproduce
the correct distributions of (1 + cos2 θz3).
5 Collider simulation and angular correlations LHC
In this article we focus on two scenarios in constructing the angular distributions namely
scalar Leptoquark with Y = −1/3 and SU(2) triplet fermions with Y = 0 coming from
Type-III seesaw. For the reconstructions of the leptoquark and right-handed neutrino we
mainly focus on their visible decay modes.
Before going to further analysis here we describe the set up of and work flow of the
collider simulation at the LHC. In general, we followed a sequence of stages from conceiving
the model to generating the events and analysing data. The gauge symmetry groups along
with gauge bosons, the particle spectrum and the Lagrangian of the model is written in
SARAH [35]. The SARAH file is then executed to generate CalcHEP model files [36]. Hard
scattering events are next generated by CalcHEP. The events thus obtained are mixed
with the decay branching fractions of the particles in the model written on a separate
decay file in SLHA format, by the event_mixer routine [36] and are written finally in LHE
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Figure 6. Angular distribution with cos θz3 in (a) lab frame and (b) boosted back CM frame for
heavy lepton pair production with mass 200, 500 and 1000 GeV at the LHC with ECM = 8 TeV.
format. The .lhe file is next read by PYTHIA 8 [34] via the lhe interface [34]. We then use
PYTHIA8[34] to incorporate parton shower, radiation effects (initial state radiation and
final state radiation), hadronisations and decays of the hard-scattered events. The data
thus obtained are finally analysed, compared with the dominant SM backgrounds.
Pythia is used for parton and hadron-level simulation using the Fastjet-3.2.3 [37] with
anti-kT algorithm. For this, the jetsize[37] has been set to be ∆R = 0.5, with the following
cuts:
• Calorimeter coverage: |η| < 2.5.
• Minimum transverse momentum of each jet: pjetT,min = 20.0 GeV; jets are pT -ordered.
• No hard leptons are inside the jets.
The detected stable particles must satisfy the following cuts:
• Minimum transverse momentum cut for each detected lepton: plepT,min = 20.0 GeV
• Detected leptons are hadronically clean, i.e, hadronic activity within a cone of ∆R <
0.3 around each lepton is less than 15% of the leptonic transverse momentum, i.e.
phadT < 0.15p
lep
T within the cone.
• Leptons are distinctly registered from the jets produced simultaneously, we put ∆Rlj >
0.4; they are also well distinguished from other stable leptons, ∆Rll > 0.2.
Finally the detected jets and leptons are registered in a file for analysis.
5.1 Leptoquark:
For this collider analysis we consider the extension of SM with a SU(2) singlet scalar
leptoquark (LQ) with hypercharge −1/3. The BSM interaction terms are given below,
LLQ ⊂
(
Q¯cY Liτ2L
)
LQ∗ +
(
u¯cRY
R`R
)
LQ∗ + h.c. (5.1)
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The Q, L are SU(2)L quark, lepton doublets given by Q = (uL, dL)T , L = (νL, `L)T ,
and ucR and `R are right-handed SU(2)L singlet up type quark and right-handed charged
lepton, respectively, where the generation and colour indices are suppressed. The LHC
phenomenology of such scalar leptoquarks are studied [15]-[23].
In this work, we consider the scattering, pp → LQLQ. The prescription that we will
follow to reconstruction of angular distribution is valid for other leptoquarks and scalars
also [13]. In this study we consider LQ decays to u e, c µ and inclusive u ` for the study.
Leptoquark Mass Y L11 Y L22 Y L33 Y R11 Y R22 Y R33
BP1 650 GeV 0.01 0.01 0.03 0.005 0.005 0.005
BP1 1.5 TeV 0.005 0.005 0.005 0.05 0.05 0.005
Table 1. Coupling strengths for two different benchmark points of Leptoquark .
Decay Channels MLQ = 650GeV MLQ = 1.5TeV
LQ+
1
3 → νed¯ 4.65 0.5
LQ+
1
3 → νµs¯ 4.65 0.5
LQ+
1
3 → ντ b¯ 41.80 0.5
LQ+
1
3 → e+u¯ 5.80 48.80
LQ+
1
3 → µ+c¯ 5.80 48.80
LQ+
1
3 → τ+t¯ 37.30 0.9
Table 2. Branching ratios (in %) for all possible decay channels of Leptoquark .
For the pair production of scalar leptoquarks, unlike the Drell-Yan scattering for
fermions, we get a (1 − cos2 θ13) distribution in CM frame as can be seen from Figure 7.
Here we show by tagging the leptoquark from the hard process and also using the boost
back algorithm it is indeed possible to restore the correct angular distribution in the CM
frame, i.e. (1 + cos2 θz3) for the leptoquark (anti-leptoquark) as are shown in blue (red)
curves. The biggest challenge would be to get back in the centre of mass frame for the
LHC. In order to do that we need to reconstruct the in order to reconstruct the Leptoquark
at the LHC from its decay products. Such decay states in our study would be the jets and
stable leptons with no potential source of missing energy involved in the finalstate.
In next few paragraphs we are going to investigate different kinematic variables of
the jets and leptons to reconstruct the Leptoquark as well as the amount of boost which
is required to get back the centre of mass frame. In Figure 8 we present the transverse
momentum distributions for the pT ordered jets and leptons coming from the two benchmark
points of Leptoquark as defined in Table 1 and branching ratios are given in Table 2.
Figure 8(a) presents the first two hard jets coming from the leptoquark decays and compared
with one of the dominant SM backgrounds tt¯. It is evident that due to large mass the
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Figure 7. Differential distribution of the leptoquarks after hard-scattering as a function of cosine
of angles (cos θ) made by the leptoquark(s) with the beam-axis. The leptoquark mass has been
taken to be 650 GeV at the Centre-of-Mass energy 14 TeV.
jets coming from the Leptoquarks are much harder than that of from tt¯ and a hard pT cut
would reduce the SM backgrounds substantially. Similarly Figure 8(b) describes the leptons
coming from the decays of Leptoquarks and tt¯ and the leptons from Leptoquarks are very
hard for both the BPs i.e. with Leptoquark mass 650 and 1200 GeV respectively. Figure 9
describes the corresponding distributions at the LHC with ECM = 100 TeV which results
in harder tails in the pT distributions.
We also look into the invariant mass distributions of the lepton and jet pairs in Fig-
ure 10. Figure 10(a) shows the lepton invariant mass distributions for the Leptoquark BPs
and ZZ as the later is dominant source of leptons within SM. It is seen that the invariant
mass of di-lepton pairs from ZZ peaks around the Z mass, and thus a veto of that would
reduce such backgrounds. Similar behaviour can also been seen for the jet-pair invariant
mass distribution in Figure 10(b). Figure 11 represents the similar distributions at 100 TeV
centre of mass energy at the LHC and the tails of the distributions for the BPs sustain to
the higher magnitudes of both the di-jet and di-lepton invariant masses.
For the completeness of our analysis, in Figure 12 we also plot the missing pT distri-
butions for the Leptoquark BPs and the dominant SM background tt¯ for 14 and 100 TeV
centre of mass energy respectively. The lack of undetectable, missing particles in the modes
we are looking for renders small missing energy for the Leptoquark BPs even though the
masses of Leptoquark are quite high.
Equipped with all these information, we calculate the jet-lepton invariant mass which
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Figure 8. Jet and lepton pT distributions for the 1st and 2nd pT -ordered jets, and of leptons for
the Leptoquarks BPs and tt¯ background at 14TeV ECM . The plots for signals have been scaled by
a factor of 3. Topology considered: njet ≥ 2, nlep ≥ 2 and Bin-size is taken to be 10 GeV.
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Figure 9. Jet and lepton pT distributions for the 1st and 2nd pT -ordered jets, and of leptons for
the Leptoquarks BPs and tt¯ background at 100 TeV ECM . The plots for signals have been scaled
by a factor of 3. Topology considered: njet ≥ 2, nlep ≥ 2 and Bin-size is taken to be 10 GeV.
can reconstruct the Leptoquark . For this reason we produce Leptoquark pair at the LHC
with centre of mass energy of 14 and 100 TeV. The events are generated with CalcHEP [36] us-
ing NNPDF23_LO as parton distribution function [38] and renormalization/factorization scale
of
√
sˆ, where sˆ is parton level centre of mass energy squared (Mandelstam variable sˆ). Our
Leptoquark would either decay into d ν or u ` and as we are focusing on the finalstate with
zero missing energy we will selects the finalstate comprised of u ` which in special case can be
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Figure 10. Lepton and jet pair invariant mass distributions for the Leptoquark BPs and ZZ
background at 14TeV ECM . Topology considered: njet ≥ 2, nlep ≥ 2. All possible combinations of
jet and lepton pairs considered in plotting respective histograms with the bin-size is taken to be 10
GeV.
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Figure 11. Lepton and jet pair invariant mass distributions for the Leptoquark BPs and ZZ
background at 100 TeV ECM . Topology considered: njet ≥ 2, nlep ≥ 2. All possible combinations
of jet and lepton pairs considered in plotting respective histograms with the bin-size is taken to be
10 GeV.
of c µ. In Figure 13 the invariant mass of lepton and jet are shown at LHC for 14 TeV and 100
TeV centre-of-mass energies respectively with integrated luminosities of 1000 and 100 fb−1
for the Leptoquark benchmark points and the dominant SM backgrounds respectively. Here
we select the njet ≥ 2, nlep ≥ 2 final states with pj1,j2T > 150 (250), 100 (150) GeV , p`1,`2T >
150 (200) GeV and 6pT < 50 (200) GeV for the centre of mass energies of 14 (100) TeV
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Figure 12. Missing pT distributions for the Leptoquark BPs and tt¯ background at ECM = 14, 100
TeV respectively.
respectively. All possible combinations of jet-lepton pairs considered in plotting respective
histograms. Here we included all possible dominant SM backgrounds leading to lepton plus
jet pairs. This includestt¯, W+W−, ZZ, tt¯Z, tt¯W±, tW±, ZZZ, ZW+W−, W+W−W±.
The SM continuum background appears as bump around 80-100 GeV as most of the lepton
and jets for SM are coming from the gauge bosons. However, the signal peaks for our
benchmark points are clearly visible at 650 GeV for BP1 and 1500 GeV for BP2.
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Figure 13. Invariant mass of lepton and jet for the selected events:with njet ≥ 2, nlep ≥ 2 final
states with pj1,j2T > 150 (250), 100 (150) GeV , p
`1,`2
T > 150 (200) GeV and 6pT < 50 (200) GeV
for centre of mass energies of 14 (100 TeV) at an integrated luminosity of 1000 (100) fb−1 respectively
as shown in Figure (a), (b).
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To calculate the signal significance we apply additional cuts and the numbers of the
BP1 and backgrounds are given in the Table 3 at the LHC with ECM = 14 TeV at an
integrated luminosity of 1000 fb−1. In order to minimize backgrounds of di-jet and di-lepton
from the Z-boson resonance, we demand all possible combinations of di-lepton and di-jet
invariant mass outside the Z-invariant mass window by imposing a veto of |Mll −MZ | >
5 GeV and |Mjj−MW| > 10 GeV respectively. The Leptoquark is reconstructed from pairing
up a positively charged anti-lepton and a jet, whereas the anti-Leptoquark is reconstructed
from pairing up a negatively charged lepton and another jet. The demand for events with
a reconstructed Leptoquark pair is essential for the estimation of the amount of boost in
the 2→ 2 scattering to reconstruct the centre of mass frame (boosted back frame) and this
also helps to to minimize the SM backgrounds further. An asymmetric production with
two very differently massive finalstate particles make it hard to reconstruct the CM frame
due to the asymmetric transverse boost which is no longer negligible. An imposition of
invariant-mass window cuts around Leptoquark peak (the one made by jet-lepton pairs),
|M`∓j − MLQ| < 10 enables us to choose the right jet-lepton pairs originated from the
Leptoquark decay. A signal significance of 41.4σ is expected with an integrated luminosity
of 1000 fb−1 and a 5σ discovery would be possible at the very early data of LHC.
Final States Signal tt¯ tt¯V tW tZW V V V V V
≥ 2l + 2j 14992.5 239422.0 61565.7 1565560.0 10370.8 2320681.5 17983.8
+

pj1,j2T > 150, 100GeV
pl1,l2T > 150, 150GeV
pT < 50GeV
7409.4 1004.1 163.1 452.7 32.2 1841.5 33.1
+
{
|Mll −MZ | > 5GeV
|Mjj −MZ | > 10GeV
5199.2 730.1 13.8 323.3 2.0 55.0 2.2
+
{
|Ml−j −MLQ| < 10GeV
|Ml+j −MLQ| < 10GeV
1735.7 23.7 0.3 0.0 0.0 0.0 0.0
Total 1735.7 24.0
Ssig 41.4∫ L5 [fb−1] 14.6
Table 3. Events numbers of the Leptoquark BP1 and the dominant SM backgrounds with the cuts
at the LHC with ECM = 14 TeV at an integrated luminosity of 1000 fb−1.
Table 4 describes the number of events for the BP2 and the dominant SM backgrounds
at the LHC at an integrated luminosity of 1000 fb−1 at ECM = 14 TeV. The advanced
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cuts are altered here with pj1,j2T > 250, 200 GeV , p
l1,l2
T > 200 GeV , pT < 60 GeV .
Along with that the invariant mass veto |Mll −MZ | > 5 GeV and |Mjj −MZ| > 10 GeV
are also applied in order to bring down the SM backgrounds. Finally the events around
the Leptoquark mass peaks are constructed by imposing |Ml−j −MLQ| < 10 GeV, |Ml+j −
MLQ| < 10 GeV. The event numbers of BP2 and SM backgrounds suggests that a signal
significance of 22.9σ is expected at an integrated luminosity of 1000 fb−1 at the LHC with
14 TeV centre of mass energy.
Final States Signal tt¯ tt¯V tW tZW V V V V V
≥ 2l + 2j 3630.8 239422.00 61565.70 1565560.00 10370.80 2320681.50 17983.84
+

pj1,j2T > 250, 200GeV
pl1,l2T > 200, 200GeV
pT < 60GeV
2088.5 76.31 25.90 64.67 4.84 254.95 4.27
+
{
|Mll −MZ | > 5GeV
|Mjj −MZ | > 10GeV
1553.2 57.24 1.18 64.67 0.39 10.30 0.28
+
{
|Ml−j −MLQ| < 10GeV
|Ml+j −MLQ| < 10GeV
529.8 1.4 0.00 0.00 0.00 0.00 0.00
Total 529.8 1.4
Ssig 22.9∫ L5 [fb−1] 47.4
Table 4. Events numbers of the Leptoquark BP2 and the dominant SM backgrounds with the cuts
at the LHC with ECM = 14 TeV at an integrated luminosity of 1000 fb−1.
After reducing the dominant SM backgrounds with cuts as described above, and hav-
ing reconstructed leptoquark pair for the selected events from the proper jet-lepton pair,
we reconstruct the Leptoquark 4-momenta as observed in the lab frame. Their centre of
mass frame counterparts are then determined by boosting back the system as prescribed
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in section 3. Having calculated the variables in CM frame, we now plot the differential
distributions with respect to the angle made by the Leptoquark and anti-Leptoquark with
the beams axis θz3 (invariably designated as θ here), which is practically equal to θ13, in
both the lab frame and the CM frame. Figure 14 describes the dσd cos θ for BP1 (left) and
BP2(right) along with the SM backgrounds after all the cuts described in Table 3 and
Table 4 and area under this graphs are same as the total signal and background events
described therein. It is evident that the CM behaviour dσd cos θ ∝ (1− cos2 θ) is reproducible
with the help of boost back algorithm.
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Figure 14. Angular distributions in both lab and CM frames with respect to reconstructed Lep-
toquark angle with the beam axis (θz3 = θ = θ13|CM) frame of signal and background for BP1 (650
GeV) and BP2 (1.5 TeV) at the LHC with ECM = 14 TeV an an integrated luminosity of 1000 fb−1.
We also analysed the data for futuristic 100 TeV LHC and the corresponding results
for BP1 and BP2 along with the dominant SM backgrounds are presented in Table 5 and
Table 6. The altered advanced kinematic are described in the tables. Table 5 describes
the numbers for BP1 along with the SM backgrounds at an integrated luminosity of 100
fb−1 and a 5σ significance can be achieved at a very early data of ∼ 86 pb−1. Similar
results for BP2 are presented in Table 6 and a 5σ signal significance will be achieved
at an integrated luminosity of 286 pb−1. Corresponding angular correlation graphs are
presented in Figure 15. In the next section we perform the collider simulation at the LHC
to reconstruct the fermions in Type-III seesaw and reproduce the corresponding angular
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Final States Signal tt¯ tt¯V tW tZW V V V V V
≥ 2l + 2j 343093 2595130 2655541 1983555 72660.4 1438846 22489.3
+

pj1,j2T > 250, 150GeV
pl1,l2T > 200, 200GeV
pT < 200GeV
149062 9285.8 1861.2 740 418.7 8011.5 256.3
+
{
|Mll −MZ | > 5GeV
|Mjj −MZ | > 10GeV
97365.2 5555.6 79.0 515 35.2 958.1 47.3
+
{
|Ml−j −MLQ| < 10GeV
|Ml+j −MLQ| < 10GeV
28679.1 410.6 5.2 17.0 3.2 3.0 0.7
Total 28679.1 439.7
Ssig 168.1∫ L5 [pb−1] 88.5
Table 5. Events numbers of the Leptoquark BP1 and the dominant SM backgrounds with the cuts
at the LHC with ECM = 100 TeV at an integrated luminosity of 100 fb−1.
Final States Signal tt¯ tt¯V tW tZW V V V V V
≥ 2l + 2j 75767.8 2595130 2655541 1983555 72660.4 1438846 22489.3
+

pj1,j2T > 350, 250GeV
pl1,l2T > 300, 300GeV
pT < 200GeV
47727.9 374.6 254.3 90.1 47.6 961.3 69.0
+
{
|Mll −MZ | > 5GeV
|Mjj −MZ | > 10GeV
31143.7 200.5 7.0 70.4 3.2 92.2 16.8
+
{
|Ml−j −MLQ| < 10GeV
|Ml+j −MLQ| < 10GeV
8880.1 6.4 0.0 1.0 0.5 1.1 0.3
Total 8880.1 9.3
Ssig 94.2∫ L5 [pb−1] 281.8
Table 6. vents numbers of the Leptoquark BP2 and the dominant SM backgrounds with the cuts
at the LHC with ECM = 100 TeV at an integrated luminosity of 100 fb−1.
correlations which would be dσd cos θ ∝ (1 + cos2 θ) being spin half final states.
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Figure 15. Angular distribution in both lab and CM frames with respect to reconstructed Lepto-
quark angle with the beam axis (θz3 = θ = θ13|CM) of signal and background for BP1 (650 GeV)
and BP2 (1.5 TeV) at the LHC with ECM = 100 TeV an an integrated luminosity of 100 pb−1.
5.2 Type III Seesaw
To demonstrate our treatment with a fermionic-pair finalstate in BSM, we consider the
SU(2) triplet fermions motivated by Type-III Seesaw mechanism. They are in the triplet
representation of the SU(2) and being Y = 0. Hence the neutral fermion in the triplet does
not couple to Z-boson and photon. Type-III Seesaw generate the light neutrino masses via
the mixing with these Type-III fermions [27]-[33]. To generate the light neutrino masses
of all three active neutrinos we extend the Standard Model with three generations of such
heavy neutrinos as shown in Eq. 5.2
− LBSM = Y ijN LiHNj +mNTrN †N + h.c., (5.2)
where YN is the Yukawa coupling and i, j are generation indices. N is the Y = 0 SU(2)
triplet fermions as given by,
N = Ni.σi =
(
N0√
2
N+
N− −N0√
2
.
)
(5.3)
The left-right mixing in the leptonic sector generates mass via Electroweak Symmetry
breaking is θmix = YNv√2 . This also generates the light neutrino mass scale as
m˜ =
Y 2Nv
2
2mN
. (5.4)
Typically for our choice of mass spectrum (mN = 750, 1200 GeV) for the collider analysis
allowed by LHC [39] results in YN ∼ 10−6 for m˜ ∼ 0.05 eV. The dominant decay modes are
of N0 → `±W∓ and N± → νW∓ with 50.7% branching fractions as shown in Table 7. A
– 19 –
choice of much lower coupling i.e. YN . 10−7 the Type-III fermions can produced displaced
Higgs boson via N → hν and N± → h`± [25, 40].
Decay modes MN = 750 MN = 1200 Decay modes MN = 750 MN = 1200
N0i → hνi 23.96 24.59 N±i → h`±i 23.96 24.59
N0i → Zνi 25.34 25.14 N±i → Z`±i 25.34 25.14
N0i →W±`∓i 50.70 50.27 N±i →W±νi 50.70 50.27
Table 7. Branching ratios (in percentage) for all possible decay channels of N0i and N
±
i for
mN = 700, 1200 GeV respectively where “i” is the generation index.
Due to Y = 0, N0 will not couple to photon and Z boson leaving no production mode
possible for pp → N0N0. However, W± exchange can lead to production of N±N0 and
also N±N∓ via photon and Z boson. Table 8 present the tree-level cross-sections for these
modes at the LHC with centre of mass energies of 14 TeV and 100 TeV respectively. Here
we used NNPDF23_LO as parton distribution function [38] and renormalization/factorization
scale of
√
sˆ as explained before.
Benchmark Point Mass 14 TeV 100 TeV
σpp→N0N± σpp→N+N− σpp→N0N± σpp→N+N−
BP1 750 GeV 13.91 7.98 511.86 262.49
BP2 1.2 TeV 2.42 0.46 108.31 48.68
Table 8. Production cross-sections (in fb) of N0N± and N+N− for each generation at LHC for
14 TeV and 100 TeV centre of mass energy for the chosen benchmark points.
As we can see from Table 7 the dominant modes are N0 → `±W∓ and N± → W±ν.
However, N± → W±ν generates missing energy which makes difficult to reconstruct the
N± momenta and thus the angular distribution which is instrumental in determining the
spins of N± and N0. We consider the second dominant process of N± → `±Z. Thus a
finalstate with 4`+ 2− jet will have no missing particle and the reconstruction of N±, N0
via restoring the gauge bosons are quite possible. For this purpose we select the events
with ≥ 4` + 2 − jet with at least four hard leptons comprising of p`T > 20 GeV and two
hard jets of pjT ≥ 20 GeV. We consider electron and muon as stable leptons thus only first
two generations of the type-III fermions will contribute. We reconstructed W± invariant
mass with jets within a 10 GeV window and Z invariant mass with same flavour lepton
pair within a 5 GeV window. We demand each events with exactly one invariant leptonic
invariant mass around Z boson and one jet pair invariant mass around W± boson. Such
events then further used to reconstruct N0 and N± via the invariant masses distributions of
``` and jj` as depicted in Figure 16 and Figure 17 respectively for ECM = 14, 100 TeV at an
integrated luminosity of 1000 fb−1 and 100 fb−1 respectively. Figure 16(a) and Figure 17(a)
show the invariant mass distribution of ``` whereas Figure 16(b) and Figure 17(b) depict
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the invariant mass distribution of jj`. It is evident with the lepton tagging along with the
above mentioned cuts the peaks of N0 and N± are visible above the backgrounds.
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Figure 16. (a)M``` and (b)Mjj` distributions for the benchmark points and the dominant SM
backgrounds for the finalstate of ≥ 2j + 4l at centre of mass energy of 14 TeV and at an integrated
luminosity of 1000 fb−1.
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Figure 17. (a)M``` and (b)Mjj` distributions for the benchmark points and the dominant SM
backgrounds for the finalstate of ≥ 2j + 4l at centre of mass energy of 100 TeV and at an integrated
luminosity of 100 fb−1.
We impose a window cut of 10 GeV for both the peaks around 750, 1200 GeV and the
corresponding numbers are listed in Table 9, Table 10 and Table 11, Table 12 respectively
along with the dominant SM backgrounds at an integrated luminosity of 1000 fb−1 and 100
fb−1 for the centre of mass energy of 14 and 100 TeV respectively. We consider tt¯, tt¯Z,
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Final States Signal Backgrounds
N±N0 N+N− tt¯ tt¯V tW tZW V V V V V
≥ 4l + 2j 119.4 83.8 22.5 571.9 0.0 169.3 1297.3 123.1
+
{
|MW±l∓ −MN0 | < 10 GeV
|MZ0l± −MN± | < 10 GeV
26.8 4.9 0.0 0.4 0.0 0.1 0.0 0.1
Total 26.8 0.6
Ssig 5.1∫ L5 [fb−1] 961.2
Table 9. The ≥ 4` + 2j events for N±N0, N+N− for mN = 750 GeV and the dominant SM
backgrounds with additional cuts at the LHC with ECM = 14 TeV at an integrated luminosity of
1000 fb−1.
tt¯W , tZW , V V and V V as dominant SM backgrounds where V = W±, Z. Table 9 shows
that a 5σ signal significance will take around 961 fb−1 of integrated luminosity at the LHC.
The cross-section for mN = 1200 GeV reduces substantially as can be seen from Table 8,
so the signal significance for the mass peak reduces to 2.2σ at 1000 fb−1 luminosity and a
5σ discovery may not be possible at the LHC with 14 TeV.
However, things looks very promising at the LHC with 100 TeV centre of mass energy.
Table 11 and Table 12 present the number of events for themN = 750, 1200 GeV along with
the dominant SM backgrounds for the finalstate of ≥ 4` + 2j at an integrated luminosity
of 100 fb−1. We can see that for mN = 750 GeV the 5σ a very early data of 53 fb−1 is
sufficient, whereas for mN = 1200 GeV we need at least 189 fb−1.
Final States Signal Backgrounds
N±N0 N+N− tt¯ tt¯V tW tZW V V V V V
≥ 4l + 2j 23.4 21.4 22.5 571.9 0.0 169.3 1297.3 123.1
+
{
|MW±l∓ −MN0 | < 10 GeV
|MZ0l± −MN± | < 10 GeV
5.0 0.7 0.0 0.1 0.0 0.1 0.0 0.0
Total 5.0 0.1
Ssig 2.2∫ L5 [fb−1] 5165.3
Table 10. The ≥ 4` + 2j events for N±N0, N+N− for mN = 1200 GeV and the dominant SM
backgrounds with additional cuts at the LHC with ECM = 14 TeV at an integrated luminosity of
1000 fb−1.
As described above and also in section 3.1 we reconstruct the four vectors of N0 and
N± in both lab and CM frames. Now we plot the angular distributions both in lab frame
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Final States Signal Backgrounds
N±N0 N+N− tt¯ tt¯V tW tZW V V V V V
≥ 4l + 2j 215.4 169.6 95.5 4410.4 0.0 1179.3 2717.1 208.7
+
{
|MW±l∓ −MN0 | < 10 GeV
|MZ0l± −MN± | < 10 GeV
50.4 11.6 0.0 1.7 0.0 0.9 0.6 0.3
Total 50.4 3.5
Ssig 6.9∫ L5 [fb−1] 53.2
Table 11. The ≥ 4` + 2j events for N±N0, N+N− for mN = 750 GeV and the dominant SM
backgrounds with additional cuts at the LHC with ECM = 100 TeV at an integrated luminosity of
100 fb−1.
Final States Signal Backgrounds
N±N0 N+N− tt¯ tt¯V tW tZW V V V V V
≥ 4l + 2j 94.1 73.5 95.5 4410.4 0.0 1179.3 2717.1 208.7
+
{
|MW±l∓ −MN0 | < 10 GeV
|MZ0l± −MN± | < 10 GeV
13.9 2.3 0.0 0.4 0.0 0.2 0.0 0.0
Total 13.9 0.7
Ssig 3.6∫ L5 [fb−1] 188.7
Table 12. The ≥ 4` + 2j events for N±N0, N+N− for mN = 1200 GeV and the dominant SM
backgrounds with additional cuts at the LHC with ECM = 100 TeV at an integrated luminosity of
100 fb−1.
as well as CM frame. In Figure 18 and Figure 19 we plot differential distribution for the
scattered N0 and N± at LHC reconstructed from their respective decay states along with
dominant SM Backgrounds, with respect to the angle made by the respective reconstructed
particles with the beam-axis, θz3 for ECM = 14 and 100 TeV at an integrated luminosity of
1000 fb−1 and 100 fb−1 respectively.
6 Discussions and conclusion
LHC discovered Higgs boson and its spin and parity was determined via the angular vari-
able in ZZ∗ decay modes using leptonic finalstates [4]. Generally at the LHC due to the
unknown boost of the initial partons the centre of mass frame of the partonic interactions
are not known. Owing to this reconstructions of angular variables in CM frame, which often
are indicative of the spin of the finalstate particle cannot be constructed. In this article we
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Figure 18. Angular distributions in lab and CM frames of the of reconstructed charged and neutral
Type-III fermion (a) mN = 750 GeV and mN = 1200 GeV from the first two generations and the
dominant SM backgrounds at the LHC with ECM = 14 TeV at an integrated luminosity of 1000
fb−1. The boosted back graphs have been scaled respectively by a factor of 2.5 and 1.5 for (a) and
(b) respectively.
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Figure 19. Angular distributions in lab and CM frames of the reconstructed charged and neutral
Type-III fermion (a) mN = 750 GeV and (b)mN = 1200 GeV from the first two generations and
the dominant SM backgrounds at the LHC with ECM = 100 TeV at an integrated luminosity of 100
fb−1. The boosted back graphs have been scaled respectively by a factor of 5 and 3 for (a) and (b)
respectively.
explored the possibility of reconstruction of centre of mass frame and thus angular distribu-
tions in CM frame for a symmetric or nearly degenerate pair productions, which will decode
the spins of the BSM particles. We showed the transverse momentum from ISR/FSR would
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not have much boost as compared the boost along the z axis. The boost along the z axis
can be restored if we have all the finalstate particles as detectable ones. For this reason we
have considered here the finalstates that are traceable in the detectors like CMS/ATLAS
at the LHC. The finalstate information are then instrumental in the boost back the CM
frame. The angle of one of the finalstate particle with the z axis namely θz3 in CM frame
then should reproduce the desired angular distributions. However, such algorithm needs
modification for an asymmetric pair production with two very different mass spectra as the
transverse boost is no longer negligible.
As BSM candidate we first consider the scalar leptoquark with Y = −1/3 and its
decay to u, `, which are detectable. Then the invariant mass was explored to reconstruct
the mass peak, which is crucial in reconstructing the boost along z axis. The momenta are
then calculated in CM frame before the angular distributions with the z axis. We see that
we can successfully reconstruct the (1 − cos2 θ) distributions. Similar distributions were
also tested for SM-like heavy leptons for various masses and also for the Type-III fermions
and successful restoration of (1 + cos2 θ) in the CM frame is possible.
If the finalstate particles have decay products which cane be missed by the detectors
like neutrinos or dark matter particles, reconstruction of the boost will be far more difficult.
This concerns the models with R-parity for supersymmetry or models with KK- parity as
in UED. The algorithm used here needs some modification in order to reconstruct the mass
of the missing particles, which is one of the main ingredients to estimate the boost of the
event in order to get back to the CM frame [41].
Angular correlations are important to probe anomalous couplings as ell as determina-
tion of spin of the BSM particles. LHC inherently not generating events at the rest frame
of interaction, makes the task challenging but not impossible. Leptonic collider like LEP
and electron-photon colliders generate events which are already at the CM frame, thus such
reconstructions are rather easy [11–13].
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